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Onlay autografting is amongst the most predictable techniques for craniofacial vertical bone augmen-
tation, however, complications related to donor site surgery are common and synthetic alternatives to
onlay autografts are desirable. Recent studies have shown that the acidic calcium phosphates, brushite
and monetite, are osteoconductive, osteinductive and resorb faster in vivo than hydroxyapatite. More-
over, they can be 3D printed allowing precise host bone–implant specific conformation. The objectives of
this study were to confirm that craniofacial screw fixation of 3D printed monetite blocks was possible
and to compare the resulting vertical bone augmentation with autograft. 3D printed monolithic monetite
onlay implants were fixed with osteosynthesis screws on the calvarial bone surface of New Zealand
rabbits. After 8 weeks, integration between the implant and the calvarial bone surface was observed in all
cases. Histomorphometry revealed that 42% of the monetite was resorbed and that the new bone formed
within the implant occupied 43% of its volume, sufficient for immediate dental implant placement. Bone
tissue within the autologous onlay occupied 60% of the volume. We observed that patterns of regener-
ation within the implants differed throughout the material and we purpose that the cause was the
anatomy and blood supply pattern in the region. Rapid prototyped monetite being resorbable osteo-
conductive and osteoinductive would appear to be a promising biomaterial for many bone regeneration
strategies.
 2009 Elsevier Ltd. All rights reserved.
87
8889R3
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104U
N
C
O
R1. Introduction
Advances in biomaterials and surgical techniques have
contributed to an increase in the application of dental implants for
the restoration of partially and totally edentulous patients. An
important factor to predict the long-term success of osseointe-
grated implants is a sufficient volume of healthy bone at recipient
sites [1]. However, this is frequently lacking as a result of trauma,
tooth loss or infection such as advanced periodontitis [1].
Vertical alveolar bone loss in partially edentulous patients
renders prosthetic rehabilitation difficult and presents a major
challenge for dental implant placement due to anatomical restric-
tions and surgical difficulties. The nasal cavity, maxillary sinus and
the mandibular inferior alveolar nerve limit the bone height
available for implant placement. In addition a large empty space(F. Tamimi).
All rights reserved.
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108between the maxillary and mandibular ridge complicates the final
treatment outcome.
Clinical and histological data support the use of vertical ridge
augmentation techniques to enable dental implant placement. The
main approaches considered in clinical practice include guided
bone regeneration (GBR) [1–10], distraction osteogenesis [11–20]
and onlay bone grafts Q[21–27]. Table 1 summarizes the results of
some of the most relevant articles in the literature regarding
vertical bone augmentation. It is apparent that although distraction
osteogenesis can produce significantly greater bone height than
GBR and onlay bone grafting, there is a higher rate of complication
associated with this technique. GBR appears to generate a similar
amount of new bone to onlay bone grafting but carries a higher rate
of complication.
The principles of GBRwere applied in the early 1990s to atrophic
jaws [2]. Severe vertical defects were treated by means of titanium
reinforced non-resorbable barrier membranes in conjunction with
titanium dental implants. Vertical ridge augmentation can be
achieved successfully using GBR. However, success appears to beone augmentation: A comparison between 3D printed monolithic...,
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Table 1
Summary of clinical studies reporting the average bone height gained and complications rate of vertical bone augmentation by GBR, distraction osteogenesis and onlay
autografts.
Surgical technique
GBR Distraction osteogenesis Onlay bone graft
Pts/graft no ABH (mm) Complcn (%) Refs Pts/site ABH (mm) Complcn (%) Refs Pts ABH (mm) Complcn (%) Refs
5/6 4.0 16.7 [2] 10/13 7.5 23 [11] 25 4.22 4 [24]
6/6 4.95 16.7 [3] 7/10 7.0 30 [12] 9 2.2 0 [25]
1/1 2.5 0 [4] 14/14 10.3 14.3 [13] 8 4.6 25 [26]
2/2 ID 0 [5] 28/28 6.5 50 [14] 56 ID 7.1 [27]
18/22 Na 13.6 [6] 10/10 ID (6–8) 10 [15]
20/22 5.02 18 [7] 37/37 9.9 21.6 [16]
6/6 3.14 ID [8] 10/10 ID 20 [17]
1/1 ID 0 [9] 10/10 7.3 30 [18]
7/10 3.15 10 [10] 7/7 ID (10–15) 28.6 [19]
37/45 8.2 75.7 [20]
10/10 6–12 20 [21]
10/10 5.3 70 [22]
11/11 6.1 27.3 [22]
9/9 5.3 33.3 [23]
Pool ABH SD 4.3 0.5 13.3 15.5 8.0 1.5 34.1 24.6 3.9 0.9 7.1  8.8
ABH: average bone height obtained; Pts: patients; Complcn: complications; Ref: references; SD: standard deviation. ID: insufficient data.
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highly technique-sensitive and therefore application to a wide
community of operators and clinical settings remains unclear [1–9].
Another major limitation of this technique appears to be the ability
to regenerate bone only along the axis of the applied force [1,10–22].
Bone block onlay grafts were also introduced in the early 1990s
to increase the vertical height of the maxilla and mandible [29].
This technique involves extracting a block of autologous bone from
a donor site such as the iliac crest or the mandibular ramus, and
fixing the block with osteosynthesis screws onto the recipient site.
Onlay bone grafting appears to have acceptable results and minor
complications at the recipient site; however, complications are
often noted at the donor site. At this moment there is no satisfac-
tory synthetic alternative to onlay autologous bone grafts for
maxillofacial bone augmentation.
Synthetic calcium phosphates are excellent biomaterials for
bone regeneration. However, the most commonly used calcium
phosphates such as hydroxyapatite (HA) and b-tricalcium phos-
phate (b-TCP) have limited in vivo resorption and remodeling
capacity, and are therefore unsuitable as onlay bone graft substi-
tutes for vertical bone augmentation [30,31]. Recent studies have
demonstrated the potential of dicalcium phosphate compounds
with higher solubilities at physiological pH, in vertical bone
augmentation procedures [32,33]. For instance, dicalcium phos-
phate dihydrate (brushite) application in the form of cements or
granules has shown good potential for maxillofacial bone
augmentation [32]. However, in vivo, brushite has a tendency to
reprecipitate as insoluble HA slowing its replacement by bone. A
closely related compound, dicalcium phosphate anhydrous
(CaHPO4) commonly known as monetite is slightly less soluble and
appears not to transform to HA. It has recently been found to be
osteoconductive and resorbable in vivo [34–36], which is of great
interest for maxillofacial bone augmentation.
We have recently developed a 3D-powder printing technique
enabling computer designed monetite blocks to be made easily for
specific bone regeneration applications [34]. In this study we
sought to answer two questions. Firstly would screw fixation of
a printed bioceramic enable satisfactory osteointegration, and
secondly, how would bone tissue behave following abutment with
a monetite block.
2. Materials and methods
Onlay blocks were prepared using a previously described 3D printing technique
[34]. Briefly, tricalcium phosphate (TCP) was synthesized by heating a mixture ofPlease cite this article in press as: Tamimi F, et al., Craniofacial vertical b
Biomaterials (2009), doi:10.1016/j.biomaterials.2009.07.049D
P
Rdicalcium phosphate anhydrous (CaHPO4, monetite) (Merck, Darmstadt, Germany)and calcium carbonate (CaCO3, calcite) (Merck, Darmstadt, Germany) in a 2:1 molar
ratio to 1400 C for 7 h followed by quenching to room temperature. The sintered
cake was crushed with a pestle and mortar and passed through a 160 mm sieve.
Subsequent milling of TCP was performed in a planetary ball mill (PM400, Retsch,
Germany) for 10 min. Printing of cement samples was performed with a 3D-powder
printing system (Z-Corporation, USA) using the TCP powder and diluted phosphoric
acid (H3PO4) (Merck, Darmstadt, Germany) with concentration of 20 wt%. The
implant design was drafted using CAD software (Alibre design Xpress 10.0). The
samples were cylindrical tablets 9.0 mm in diameter, 2.0 mm thick, with a 0.5 mm
central hole for fixation with osteosynthesis screws (Fig. 1). After printing, samples
were removed from the powder bed, cleaned from residual unreacted TCP powder
and stored in 20% H3PO4 for 3 60 s to increase the degree of reaction to DCPD. The
blocks were then dehydrated into monetite (dicalcium phosphate anhydrous) and
simultaneously sterilized by autoclaving (121 C; humidity 100%; 30 min) (see
Fig. 1A) [34,36]. The final phase composition of the samples was approximately 63%
monetite and 37% unreacted TCP [34] with a total porosity of 44% and a compressive
strength of 15 MPa.
Prior to implantation, X-ray diffraction (XRD) patterns of the materials were
recorded using monochromatic CuKa radiation (D5005, Siemens, Karlsruhe,
Germany). Data were collected from 2q¼ 20–40 with a step size of 0.02 and
a normalized count time of 1 s/step. The phase compositionwas checked by means of
The International Centre for Diffraction Data reference patterns for a-TCP (PDF Ref. 09-
0348), b-TCP (PDF Ref. 09-0169), monetite (PDF Ref. 09-0080) and brushite (PDF
Ref. 09-0077). Post implantation, XRD patterns were recorded on poly-methyl-
methacrylate (PMMA) embedded implants using the same method.
The implantation protocol was approved by the ethical committee for animal
experiments of the Rey Juan Carlos University of Madrid. Experiments were
conducted in accordance with the guidelines described by the European
Communities Council Directive of 24 November 1986 (86/609/EEC), and adequate
measures were taken to minimize pain and discomfort to the animals. Eight New
Zealand rabbits (3.5–4.0 kg) were used for this study. The rabbits were anaes-
thetized, the head was shaved and the cutaneous surface was disinfected with
povidone iodine solution prior to the operation. A w5 cm long full depth incision
was made on the linea media of the calvaria and the periosteum was separated
from the bone surface with a periosteal elevator. A trephine burr was then used to
cut two bilateral circular full thickness autograft cores (10 mm diameter) in the
posterior part of the exposed cranium. The circular autologous onlay bone grafts
(9.0 mm in diameter) and the monetite blocks were secured with osteosynthesis
titanium screws (AO/ASIF 4.0 self-drilling screws; Synthes, Synthes GmbH&Co,
Umkirch, Germany) side by side on the anterior part of the exposed cranium
(Fig. 1).
The incision was closed with a silk 3-0 suture and the animals were sacrificed
after 8 weeks. Histological examinations were performed on dehydrated and resin
embedded sections. Briefly, explants were fixed in 2.5% gluteraldhyde solutions and
dehydrated in ascending concentrations of ethanol. The samples were then pre-
infiltrated for 24 h and infiltrated with resin for another 24 h before embedding in
polymerization resin at 20 C for 14 days (Technovit, Leica Microsystems GmbH
Wetzlar; Germany). Following embedding, histological sections were taken using
a micro saw (Leica Microsystems GmbH, Wetzlar; Germany), and the samples were
stained with methylene blue (MB) and basic fuchsine (BF). Un-implanted monetite
blocks were also resin embedded to be analyzed as well by optical and electronical
microscopy.one augmentation: A comparison between 3D printed monolithic...,
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Fig. 1. A: Photograph of a 3D printed monetite discs. B: Surgical fixation of the monetite block (1 arrow) and the autologous block (2 arrows) over the rabbit calvaria with
osteosynthesis screws. C: Exposure of the implant site at post mortem surgical extraction after 8 weeks of implantation. D: Histological micrographs of a coronal section from the
bone explant sites stained with BF/MB (pictures were taken at an original magnification of 5). The sections show the original bone calvarium (X), the remaining monetite block (*)
and the bone augmentation free of remaining unresorbed monetite (þ).
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EElectronmicroscopy was used to examine cement microstructure with a Hitachi
S3000-N VP-SEM (Hitachi-HT, Wokingham, Berkshire, UK) operating at an acceler-
ating voltage of 20 kV. The resin embedded sections were sputter coated with gold–
palladium alloy prior to electron beam analysis at high vacuum. Backscattered
electron micrographs (BSE-SEM) were taken, and energy dispersive X-ray (EDX)
analysis was performed using an Oxford detector and INCA software (Oxford
Instruments, Abingdon, Oxfordshire, UK).
The optical histological observations were used to perform the histomorpho-
metric analysis of the implant area, to calculate the percentage of bone and
remaining material within the augmented tissues. The area of augmented bone was
divided in smaller areas to performed localized histomorphometrical analysis.
Interpolation of the localized histomorphometric values was used to depict the
average distribution of bone within the implants and to provide a statistical
mapping of the histological sections [37] (Origin 7.0; Origin Lab Co.; Northampton;
MA). The augmented area was obtained from the interpolation analysis, and the
percentage of monetite onlay resorption was calculated by subtracting the
remaining graft size and area percentage from the block size and porosity before
implantation.
A two-way ANOVA for paired samples was used to evaluate differences between
the onlay graft materials and original calvarial bone. Statistical significance was set
at a value of p< 0.01.361
362
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3703. Results
3.1. Clinical observations
No complications were noted during the fixation of onlay
implants (Fig. 1B) and the animals healed normally. Upon implant
recovery, no signs of rejection were apparent for either the mon-
etite or the autologous onlay implants and both appeared to bePlease cite this article in press as: Tamimi F, et al., Craniofacial vertical b
Biomaterials (2009), doi:10.1016/j.biomaterials.2009.07.049integrated and vascularized (Fig. 1C). Moreover, no loosening of the
screws or blocks was observed.
3.2. Histological observations
Upon histological coronal observation, the autologous onlay
implants could be differentiated from original bone surface by the
localized over-contouring created on the calvaria (Fig. 1D). More-
over, they were completely integrated to the original bone surface.
The thickness of the autologous implants became thinner on the
lateral side with less bone volume than the original surfaces. The
monetite onlay blocks were well integrated to the calvarial surface
(Fig. 1), partially resorbed and substituted by newly formed bone
(Fig. 1, [þ]). Resorption of monetite and subsequent replacement by
new bone were more pronounced on the lateral sides of the
implants as well as on the surfaces in direct contact with the cal-
varial bone surface. Bone conduction was observed not only along
the implants’ periphery but within the micropores.
At higher magnification, the remaining unresorbed monetite
blocks appeared to be highly porous (Fig. 2A). These pores were
often filled with newly formed bone throughout the remaining
implant (Fig. 2B). The amount of new bone formed within the
implant increased in sites in which the implant was in contact with
native bone. Direct contact between newly formed bone and
remaining monetite was observed around and within the implants,
indicating osteoconductive properties of monetite in vertical bone
augmentation (Fig. 2C). Furthermore, at the bone–implantone augmentation: A comparison between 3D printed monolithic...,
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Fig. 2. Micrograph of a monetite implant after 8 weeks implantation taken at: original magnification 2.5 and a field width 5.0 mm (A); original magnification 5 and a field width
2.5 mm (B); and original magnification of 10 and a field width 1.2 mm (C); Remaining monetite biomaterial (*) can be observed to be infiltrated with newly formed bone (þ). At
original magnification 20 and field width 0.6 mm (D) cellular activity at the bone–implant interface was apparent (arrow). Sections were stained with BF/MB.
F. Tamimi et al. / Biomaterials xxx (2009) 1–94
ARTICLE IN PRESS JBMT11317_proof  1 August 2009  4/9
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500U
N
C
O
R
R
E
C
Tinterface, bone formation and the appearance of cells witha morphology suggestive of osteoblasts were also strong evidence
in support of the osteoconductive properties (Fig. 2D).
Histological observation of the autologous bone graft onlays
revealed a high degree of resorption within the augmented bone
tissues. Osteoclast activity was observed on the external surface of
the onlay as well as within the autologous block itself (Fig. 3).
3.3. SEM analysis
BSE-SEM cross-section micrographs of the un-implanted
monetite blocks revealed a dense porous structure (Fig. 4A–C).
After implantation, the remaining unresorbed monetite block
could be easily differentiated from the original bone surface and
from the calcified newly formed bone using BSE-SEM (Fig. 4D–F).
The remaining monetite appeared lighter grey than the newly
formed bone (Fig. 4D). Isolated sites of new bone formation could
be observed away from the original bone surface indicating good
osteoconductive properties (Fig. 4E). At high magnification oste-
ocyte lacunae could be observed within the remaining graft
matrix, confirming the presence of calcified bone within the onlay
implant, in close contact with the remaining monetite matrix
(Fig. 4F).
EDX analysis of the bone–implant interface revealed that at
specific sites, the concentrations of calcium and phosphate within
the remaining matrix were similar to those of the original calvarial
bone (Fig. 4G–I), confirming the presence of bone within the
monetite matrix. Moreover, EDX mapping confirmed the presence
of high concentrations of phosphate (Fig. 4I) within the unresorbed
implant matrix. X-ray diffraction patterns of the blocks after
implantation confirmed the composition of unresorbed graft
material in the blocks after implantation to be monetite and b-TCP
(Supplemental data).Please cite this article in press as: Tamimi F, et al., Craniofacial vertical b
Biomaterials (2009), doi:10.1016/j.biomaterials.2009.07.0493.4. Bone height analysis
Direct vertical bone heightmeasurementswere not possible due
to the variability in the anatomical convexity of the calvarial
surface. Therefore ratiomeasurements between the autologous and
monetite blocks were calculated from the histological sections
crossing both implants’ centre. The ratio between the height
measurements were taken every 2 mm across the implants’
sections by measuring the distance between the inner cranial
surface and the highest bone tissue formed in the implant. Histo-
morphometric analyses indicated that the maximum increase in
bone height over the original bone surfacewas similar in both onlay
grafts (autologous bone and monetite) (Fig. 5A). However, in the
distal areas the bone height obtained with monetite blocks was
higher than with autografts, while in the medial area the bone
height obtained with autografts was higher than with monetite
blocks. Since it was apparent that the amount of bone formation
varied from medial to lateral locations, bone volume was assessed
at the top, centre and bottom regions of the graft every 2 mmacross
the sections where the central screw hole was visible.
3.5. Histomorphometry
Bone and remaining material could be observed within the
onlay autografts and monetite blocks. The percentage of mineral-
ized bone and remaining bone graft material for both onlay grafts
are presented in Fig. 5B. The amount of mineralized tissue
(remaining materialþ bone) was much higher in monetite
implants (91.313.1%) than in autologous implants (60.16.0%)
(p< 0.01). In contrast the percentage of bone volume within the
monetite blocks (43.4 8.1%) was lower than that of the autologous
onlays (p< 0.01). However, this difference was rather small, prob-
ably due to the high degree of internal resorption of the autologousone augmentation: A comparison between 3D printed monolithic...,
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Fig. 3. A: Histological micrograph of autologous onlay bone graft showing large areas of resorbed bone (original magnification 5; field width 2.5 mm). B: Multinuclear cell activity
was evident within the graft trabecula; and C: on the external onlay surface (original magnifications 20; field width 0.6 mm).
F. Tamimi et al. / Biomaterials xxx (2009) 1–9 5
ARTICLE IN PRESS JBMT11317_proof  1 August 2009  5/9
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616C
O
R
R
E
C
Tgrafts. Indeed, the bone area within autografts was lower than theoriginal calvarial bone (72.3 9.2%) (Fig. 5B). The degree of
resorption of the monetite onlay block throughout the implanta-
tion period was calculated by subtracting the histomorphometrical
area of un-implanted monetite blocks, from the percentage of
remaining material after implantation, and it was found to be
42.317.1% (Supplemental data).
Histomorphometrical analyses at specific smaller areas of the
cross-sections reveled that bone growth was heterogeneous within
both onlaymaterials (Fig. 6). The percentage of bone formed within
the onlay autologous grafts was higher at the lateral end and
superior surface whereas very little bonewas measured close to the
calvarial surface on themedial side (Fig. 6). In contrast bone growth
within the monetite blocks was lower on its superior surface, but
there was also significant bone growth on the lateral side of the
graft proximal to the calvarium. Surprisingly, on the medial side
proximal to the calvarium the amount of new bone obtained with
monetite onlays was significantly greater than that obtained with
autologous grafts (p< 0.01).617
618
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4. Discussion
In this study, using 3D printed monetite onlay blocks, we were
able to obtain similar values of vertical bone augmentation as those
observed with autologous onlay bone grafts [24–26] while simul-
taneously avoiding complications associated with autologous bone
extraction.626
627
628
629
6304.1. Screw fixation
Monetite-based biomaterials have recently shown great
potential as bone substitutes in terms of osteconductive,Please cite this article in press as: Tamimi F, et al., Craniofacial vertical b
Biomaterials (2009), doi:10.1016/j.biomaterials.2009.07.049osteinductive and resorption properties [34–36]. In this study, we
confirm the materials osteoconductive and bioresorbative proper-
ties in craniofacial vertical bone augmentation. However,
mechanical stability of bone grafts is essential for successful bone
regeneration treatments [1]. The monetite printed blocks appeared
to be well integrated to the original bone surface, indicating that
screw fixation of these 3D printed ceramics is possible, allowing
predictable bone augmentation results.4.2. In vivo resorption
The high porosity inherent in monetite bioceramics produced
through rapid prototyping was likely to enhance the biological
behavior observed. Moreover, it was interesting to observe that the
porosity increased throughout the material after implantation,
indicating a bulk resorption. The monetite blocks conducted new
bone formation throughout its surface, and the high porosity left
behind by the resorbed material allowed significant bone infiltra-
tion within the implant matrix. In addition, the high rate of
resorption is likely to provide a localized concentration of phos-
phate and calcium ions that would aid in the mineralization and
bone formation process [30,31]. Monetite resorption appeared to
be more pronounced on the implant-bone interface, and on the
lateral margin of the implant, probably due to better perfusion in
those areas.4.3. Bone augmentation
The bone height gained with monetite blocks was comparable
to that obtained with autologous bone and the volume of newly
formed bone around and within the remaining implant material
was 43.4 8.1%. Dental implants can be successfully placed intoone augmentation: A comparison between 3D printed monolithic...,
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Fig. 5. A: Histomorphometric measurement of maximum bone height gained, the data are presented as the ratio between the maximum bone heights gained with monetite blocks
to the maximum bone heights gained with autologous grafts, as a function of distance to the linea media. No significant differences were found between the vertical bone heights
gained with either onlay graft material. B: Histomorphometric measurements of mineralized tissue volume depicting percentage of bone volume (light grey); and percentage of
remaining graft volume (dark grey), within the area treated with autologous blocks, and monetite blocks, as well as within the original calvarial bone. (*) Augmented bone volume
significantly lower than in autologous bone onlay (p< 0.01).
Fig. 4. BSE-SEM picture of monetite block before implantation at original magnification 20 (A), 100 (B) and 400 (C). BSE-SEM picture of monetite block implanted on the
calvarial bone. D: At lower magnification (10) new bone (þ) was observed to grow around the remaining monetite block (*) over the original bone calvarial surface (x). E: at higher
magnification (100) new bone (þ) was observed to grow within the monetite matrix (*). F: At magnification 400 the presence of micropores resembling osteocyte lacunae
(arrows) confirmed the presence of bone growing within the remaining unresorbed monetite matrix (*). Bone–implant interface was analyzed by SE-SEM (G) and EDX elemental
analysis mapping for calcium (H) and phosphorous (I). The arrows indicate bone tissue in the original bone surface and within the remaining implant, while stars reveal the
remaining unresorbed monetite matrix.
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Fig. 6. A: Histomorphometric measurements of mineralized tissue volume depicting the average bone area percentage within 6 equal size segments of the autologous and monetite
blocks in cross-section (* significant differences p< 0.01). B and C: Interpolation mapping of average bone area percentage (from FigureQ8 11A) throughout the onlay implants’ cross-
section.
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regenerated bone with a bone volume of 30–40% [38]. Therefore
the volume of bone obtained using monetite onlay implants is
likely to be enough to support titanium implants, although further
studies should be conducted to evaluate the stability of dental
implants in augmented bone using this procedure in the maxillo-
facial region.
4.4. 3D printed bioceramics
Computer design and printing of bone substitutes allows the
fabrication of custom made designs for specific applications. In
previous studies 3D printed brushite and monetite blocks have
been used to study the phenomena of osteoinduction [36] and
angiogenesis [34] of bone substitutes in vivo. In this study, 3D
printed monetite blocks were successfully used in craniofacial
vertical bone augmentation onlays, indicating new possibilities to
custommake 3D printed blocks for onlay grafts in the maxillofacial
region.
Bone augmentation procedures have to ensure goodmechanical
stability of the graft material in order to obtain adequate bone
growth and avoid fibrous tissue encapsulation [38,39]. To this end
rigid fixation of maxillofacial bone grafts is essential to provide
mechanical support and minimize micro-movement during the
initial healing phase. To overcome mechanical instability, granular
graft materials have been secured to the bone surface with
membranes or titanium meshes, while autologous onlay grafts are
usually fixed with osteosynthesis screws [2–27]. The 3D printed
design of our monetite blocks included a hole to allow fixation on
the calvarial bone surface with osteosynthesis screws. This design
provided good onlay implant stability and may have played an
important role in obtaining the excellent vertical bone augmenta-
tion and integration achieved by this technique.
Recently synthetic polyethylene blocks have been used as onlay
implants by fixing them with titanium screws in maxillofacial
defects [41]. However these onlays can only be used for soft tissue
support in ophthalmologic and aesthetic applications, as they lack
the capacity to bear the load of functional forces. Even though
monetite blocks have a lower compressive strength than cortical
bone, their compressive strength resembles that of spongy bone
(9.4–25.2 MPa) [42]. Currently, spongy bone is widely used for
maxillofacial bone augmentation procedures in areas receiving
masticatory loads; therefore the properties of our monetite blocks
may be adequate as an alternative to screwed autologous onlay in
these kinds of interventions. Moreover, bone ingrowth within thePlease cite this article in press as: Tamimi F, et al., Craniofacial vertical b
Biomaterials (2009), doi:10.1016/j.biomaterials.2009.07.049D
P
Rimplants is likely to increase their mechanical performance overtime.
4.5. An alternative to autografts?
In this comparative study, autologous grafts performed better
than monetite onlays overall, however monetite onlay grafts were
able to obtain similar and even better results in specific regions
within the onlays. The vertical bone height gained with monetite
onlays was similar to that obtained with autografts, and even
superior to it at the lateral end of the onlays. Moreover, the
percentage of new bone growth within the calvarial surface of the
monetite onlays was similar to that obtained with autologous bone
grafts, and greater in the medial region. This difference highlights
Qthe great potential of resorbable osteoconductive biomaterials may
have in vertical bone augmentation procedures, since the areas
showing greater bone growth were also the areas were less
remaining graft was observed.
4.6. Effect of anatomy
Histological observations and histomorphometrical analyses
revealed that autografts resorbed more on the medial calvarial
surface and on the lateral superior surface of the graft, while
monetite blocks appeared to resorb on the lateral end of the
implant. Bone conductionwas more pronounced on the lateral side
of both the monetite and autologous onlays. These regional varia-
tions in resorption and mineralization may have arisen due to the
vascular anatomy of the calvarial bones since the major supply to
the calvaria is provided by the middle meningeal artery and its
branches while the majority of the outer surface of the craniofacial
skeleton is supplied by tiny perforators from the overlying perios-
teum [43]. In both cases, the direction of arterial blood flow is
towards the linea media; therefore the lateral sides are better irri-
gated than the medial portions. Additionally the stretching of the
periosteum to accommodate the implants may have compromised
the blood supply of the linea media by creating sub-cutaneous
pressure and limiting bone augmentation in that area. Significant
resorption of the autologous onlay was expected since resorption
and remodeling of implanted bone with limited functionality are
well documented [44]. A large amount of resorption may have
caused a reduction in the bone volume and bone height gained, so
that the real performance of the autologous bonemaywell bemuch
more comparable to that of the monetite onlays.one augmentation: A comparison between 3D printed monolithic...,
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In this study, the potential of monetite onlay blocks as bone graft
substitute in onlay augmentation procedures was demonstrated.
The 3D printing technique was employed to produce blocks that
can be easily adapted to produce variable shapes and geometries
[34,36,46]. Therefore it is plausible that refinement of the monetite
monolith geometrical design used here may be possible to further
improve performance, and in the clinic be used to create custom
made implants. Future studies should be focused on optimizing
new bioresorblabe materials and techniques for onlay bone
augmentation in maxillofacial surgery, and to evaluate the capacity
of the augmented bone to support osteointegrated dental implants.
5. Conclusions
This study has demonstrated that 3D printed monetite blocks
designed for vertical bone augmentation can be directly fixed to
bone surfaces using osteosynthesis screws. Onlay grafts of 3D
printed monetite blocks achieved levels of vertical bone augmen-
tation similar to those of autologous bone grafts in a rabbit calvarial
model. These findings demonstrate that a new type of synthetic
onlay bone grafting material may be applied as an attractive
alternative to autologous onlay bone grafting in maxillofacial
surgery.
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